We present optical and near-infrared photometry and spectroscopy of the Type Ia SN 2003cg, which exploded in the nearby galaxy NGC 3169. The observations cover a period between -8.5 and +414 days post-maximum. SN 2003cg is a normal but highly-reddened Type Ia event. Its B magnitude at maximum B max =15.94±0.04 and ∆m 15 (B) obs = 1.12±0.04 (∆m 15 (B) intrinsic = 1.25±0.05). Allowing R V to become a free parameter within the Cardelli et al. (1989) extinction law, simultaneous matches to a range of colour curves of normal SNe Ia yielded E(B−V)=1.33±0.11, and R V =1.80±0.19. While the value obtained for R V is small, such values have been invoked in the past, and may imply a grain size which is small compared with the average value for the local ISM.
INTRODUCTION
Type Ia Supernovae (hereafter SNeIa) became very popular in the last decade because of their role in determining the geometry of the Universe. Because of their high luminosity and relatively small dispersion at maximum, SNeIa are the most accurate cosmological distance indicators currently available. Systematic studies of these events at high redshifts (z ∼ 0.3 -1.6), together with cosmic microwave background data and cluster masses and abundances, have provided strengthening evidence that the expansion of the Universe began to accelerate at half its present age. This finding is commonly related to a positive cosmological constant Λ (Riess et al. 1998; Perlmutter et al. 1999 ) and is generally attributed to a new form of dark energy (Knop et al. 2003) .
In spite of the importance of these results, caveats exist in the cosmological use of SNe Ia: 1) that the properties of high-z SNe Ia are the same as those of their present-time counterparts is, to some extent, an assumption. Observational confirmation is highly desirable; 2) the use of SNe Ia as cosmological distance indicators relies on an empirical relation between the luminosity and the light curve shape which is only partly understood; 3) the progenitor systems of SNe Ia have not yet been unambiguously identified, nor have and the explosion mechanisms been clearly determined; 4) the extent to which observations of SNe Ia are affected by dust extinction is still unresolved.
The theoretical and observational investigation of local SNe Ia is the main motivation of the European Supernova Collaboration (ESC)
1 . This collaboration was born under the conviction that the only way to make a decisive jump in understanding the physics of SNe Ia is to compare realistic models of thermonuclear explosions (and the emerging radiation) with a complete and detailed set of homogeneously-acquired observations. The first two years of the ESC produced excellent results, with fourteen well-monitored targets, e.g. Benetti et al. (2004) , Pignata et al. (2004a) and Kotak et al. (2005) .
In this paper, we present optical and infrared photometry and spectroscopy of SN 2003cg, the fourth supernova monitored by the ESC. It is exceptional in that it is heavily reddened.
OBSERVATIONS
SN 2003cg was discovered on 2003 March 21.51 UT by Itagati and Arbour (IAUC 8097) at 14" E and 5" N from the centre of the nearby spiral galaxy NGC 3169 ( Figure 1 ). The SN is projected on a dust lane, already suggesting that the SN light might be heavily extinguished. Some days later, Kotak, Meikle & Patat (2003) and Matheson et al. (2003) classified SN 2003cg as a highly-reddened 'normal' Type Ia SN, of epoch a few days before maximum.
NGC 3169 is a nearby (vr=1238 km s −1 ), elongated Sa galaxy with narrow, distorted arms. It has a total B magnitude of 11.08 with a prominent dust lane. SN 1984E also exploded in NGC 3169. This was a Type IIL SN with a B magnitude at maximum of 15.2. Comparison of the intrinsic colour curve with those of other Type II SNe (Metlova 1985) yielded E(B−V)=0.1±0.05 for this older event. It exhibited evidence of pre-explosion superwinds (Dopita et al. 1984; Gaskell 1984; Gaskell & Keel 1986; Henry & Branch 1987 ) similar to those of SNe 1994aj, 1996L and 1996al (Benetti 2000 .
In view of the favorable SN position on the sky (α = 10 h 14 m 15 . s 97, δ = +03 o 28 ′ 02 . ′′ 50, 2000.0), the early discovery epoch and the proximity of the host galaxy (vr=1238 km s −1 ), an extensive observational campaign was immediately triggered with all the telescopes available to the ESC. Using 13 different instrumental configurations, we obtained optical and NIR data from day -8.5 to +414 relative to B band maximum light. The observational programme comprised 74 photometric epochs and 35 spectra.
The SN 2003cg observations were processed using IRAF 2 and FIGARO 3 routines. For photometry we used a collection of tasks developed in the IRAF environment by the Padova-Asiago SN Group.
Photometric observations
Standard pre-processing (trimming, overscan and bias corrections, flat-fielding) was first carried out. Then, for the early-time optical photometry, the instrumental optical magnitudes of the SN and the local standards were measured using the IRAF point-spread-function (PSF) fitting routine. Specifically, after fitting and subtracting the background galaxy contamination, we used Daophot to fit the SN profile with a PSF obtained from a set of local, unsaturated stars. These local standards in the SN field (see Figure 1 ) were also used to calibrate the SN brightness on non-photometric nights. To calibrate the local standards, and to find the colour terms for the various instrumental setups, average values for 20 photometric nights were obtained (marked in Table 1 ). These were then calibrated via standard Landolt fields (Landolt 1992) . Magnitudes and estimated errors for the local sequence stars are given in Table 2 .
For the early-time IR magnitudes, additional reduction steps were required viz. sky substraction, and image coaddition to improve the signal-to-noise (see Table 3 ). As for the optical photometry, the IR magnitudes were obtained using PSF-fitting. For night-to-night calibration we used a smaller local sequence. However, as the number of IR standard fields observed each night was small, we adopted average colour terms provided by the telescope teams. The IR magnitudes of the local sequence stars are given in Table  2. SN 2003cg was also observed at late phases. In this case, determination of the SN magnitudes made use of template subtraction. The procedure makes use of the ISIS template subtraction program (Alard 2000) and runs in the IRAF environment. A reference image of the host galaxy is obtained long after the SN image. The two images are then registered geometrically and photometrically. The better-seeing image is degraded to that of the poorer one. Finally the reference (template) image is subtracted from the SN image. The template images were taken with VLT-UT2+FORS1 on February 1, 2005, around 673 days post-explosion, when the supernova was no longer visible. The technique was first tested for early phase images when the SN was bright. It was found that the PSF-fitting and template-subtraction methods produced results in excellent agreement even with a variety of instrumental configurations. The late-time magnitudes of SN 2003cg are shown in Table 1 .
Uncertainties in the instrumental photometry were estimated by placing artificial stars with the same magnitude and profile as the SN, at positions close (within a few arcsec) to that of the SN, and then computing the deviations of the artificial star magnitudes. For the calibration error we adopted the r.m.s. of the observed magnitudes of the local sequence stars obtained during photometric nights only.
Spectroscopic observations
The spectra were reduced using standard IRAF (used for optical and IR reduction) or FIGARO (used for IR reduction only) routines. This includes bias, overscan (only for the optical spectra) and flat field correction. We then fitted a polynomial function to the background flux including that of the galaxy, and removed the interpolated background by subtraction. Extraction from the bi-dimensional spectra made use of an optimised extraction algorithm. The one-dimensional spectra were wavelength calibrated by comparison with arc-lamp spectra, and flux calibrated using spectrophotometric standard stars. For most spectra the errors in the wavelength calibration are < ±2Å. The standard star spectra were also used to model and remove the telluric absorptions. The absolute flux calibration of the spectra was checked against photometry and when necessary, the flux scale was adjusted. After that, the calibration is typically accurate within ±10-20%. The spectroscopic observations are summarised in Tables 4 & 5. The tables give the observation date, the Modified Julian Day, the phase relative to Bmax, the wavelength range and the instruments used.
Correction to standard photometric bands
As indicated in Tables 1 & 3 , we used ten different instruments to collect the photometry of SN 2003cg from U to K band. It is desirable to convert the photometry of the target to a standard system. However, this is made difficult by the non-stellar form of the SN Ia spectrum. Nevertheless, several authors have shown that, with care, such a correction can minimise systematic errors (Suntzeff 2000; Stritzinger et al. 2002; Krisciunas et al. 2003; Pignata et al. 2004a; Pignata 2004b) . The procedure involved is sometimes called the S-correction (Stritzinger et al. 2002) . We applied S-corrections to our data following the method of Pignata et al. (2004a) . The main challenge was to determine the instrument/filter/detector system efficiency for each observation. Once the instrumental response functions were constructed, we calculated an instrumental zero-point for each passband. We then derived synthetic colour terms for the optical using a set of spectrophotometric standard stars (Hamuy et al. 1992; Hamuy et al. 1994 ) and for the IR, using the spectra of Vega, Sirius and the Sun. With this information we then calculated the S-corrections for the BVRI-JHK bands 4 by using the best flux-calibrated spectra of SN 2003cg. As the epochs of these spectra did not fully match the early-time photometric coverage, we enhanced the S-correction spectral database by adding a set of spectra of SN 1994D , artificially reddened to match those of SN 2003cg (see Section 3 for more details). The features of the SNe 1994D and 2003cg spectra are very similar. At late times (nebular era) we have only one optical spectrum of SN 2003cg. We therefore used the spectra of other normal SNe Ia: 1992A (Suntzeff 1996) ; 1994D , 1996X (Salvo et al. 2001 ), 2002bo (Benetti et al. 2004 . For the earlytime NIR corrections we used the extensive spectral sequences of SN 2002bo (Benetti et al. 2004 ) together with the spectra of SN 2003cg. NIR S-corrections at nebular epochs were not computed owing to the lack of contemporary IR spectra.
Once the synthetic magnitudes for each instrumental setup were obtained, we fitted a low order polynomial to the differences between these and those of the standard system passbands in order to correct for the non-stellar nature of the SN spectra. Some dispersion in the S-corrections relative to a given instrument, resulted from flux calibration errors in the input observed spectra plus the fact that we used spectra from different SNe. Assuming that for each instrument the S-correction changed smoothly with time, we calculated the r.m.s. deviation with respect to the polynomial fit and used this as an estimate of the S-correction errors.
The S-corrections for SN 2003cg in the BVRI bands at early times is generally small (≤ 0.09), as seen in Table 6 and in Figure 2 (top). The 0.85m Beijing telescope data were not S-corrected since it was not possible to find the basic information needed to calculate the global response. Nonetheless, the BAO data are in good agreement with the S-corrected data from other instruments as can be seen in Figure 7 . Our S-correction values are comparable to those obtained by Pignata et al. (2004a) for other SNe Ia observed with the same instruments the largest corrections being those in the I band. As in Pignata et al. (2004a) , the WFI filter passbands differ from the standard ones by more than do any other instruments. The central panel of Figure 2 shows the S-correction estimated for the SN 2003cg BVRI magnitudes from 200 to 450 days after B maximum. This work represents one of only a few examples where the S-correction has been computed at late phases. As Pignata (2004b) has already discussed, these corrections are generally larger than around maximum light, especially in the B band. In fact, at late epochs the SNe Ia emit most of their flux in a few strong emission lines and so even small shifts in the filter passbands can produce significant variations in the instrumental magnitudes. We find evidence of dispersion in the late-time S-correction due to the low signal-to-noise ratio of the spectra and to residual galaxy background contamination, but there are no trends in the corrections for each instrument and therefore we have adopted an average constant value. Table 7 and Figure 2 (bottom) contain the NIR Scorrections for SofI. We used the same method as described above to place the magnitudes on the standard system of Persson et al. (1998) . As we have mentioned before, to determine the colour terms we used the synthetic photometry of Vega, Sirius and the Sun. The corrections were, in general, quite small for SN 2003cg in JK but increased to about 0.13 magnitudes for the H band.
In Tables 1 & 3 we present the supernova magnitudes. These have only been first-order corrected using the colour equation of the instruments. However, in the rest of the paper the magnitudes used have been fully S-corrected as detailed in Tables 6 & 7 . Table 6 . Optical S-correction to be added to the data in Table 1 , in order to convert the SN magnitudes to the Bessell (1990) Figure 1 ) and there are a number of indications that reddening is an important issue for this supernova. The SN 2003cg spectra exhibit strong interstellar Na iD lines at the rest wavelength of the host, plus weaker absorption at the Milky Way rest wavelength (Figure 3 ). In addition, there is a narrow absorption at ∼ 6282Å not seen in SN Ia spectra (see Figure 3 ). This feature coincides with a diffuse inter- Table 7 . NIR S-corrections to be added to the data in Table 3 in order to convert the SN magnitudes to the Persson et al. (1998) Herbig (1995) . It tends to be seen in the spectra of stars which are heavily obscured and reddened by interstellar dust, and is probably due to a variety of interstellar polyatomic molecules based on carbon. Adopting a Virgo distance of 15.3 Mpc (Freedman et al. 2001 ) and a relative distance from Virgo of 1.18 for NGC 3169 (Kraan-Korteweg 1986), the host galaxy, we estimate a distance modulus for SN 2003cg of µ = 31.28.
Given the observed magnitude at maximum (see Section 4.1), we obtain an absolute V magnitude M max V ∼ −16.56 before any reddening correction. This compares with M max V = −19.46 ± 0.05 for a sample of nearby dereddened SNe Ia sample (Gibson et al. 2000) . In addition, the (B − V )max colour is ∼1.08 redder than typical SNe Ia, which have (B − V )Bmax ≃ 0.00 ± 0.04 (Schaefer 1995) , again pointing to heavy reddening (see Section 4.2).
From these various indicators we conclude that the light emitted by SN 2003cg is heavily reddened. Thus, before discussing the physical properties of the supernova, it is of utmost importance to obtain a precise estimate of the reddening.
Reddening estimation -Standard procedure
In general, extinction is a function of wavelength. For the V band it is related to the colour excess E(B−V) through the relation,
where RV is the ratio of total-to-selective absorption. Therefore, the problem of estimating the extinction becomes that of measuring the colour excess. Lira (1995) found that the +30-+90 day SN Ia B−V colour curve is identical for all SNe, independent of their light curve and in particular of their ∆m15(B) (the B magnitude decline between the maximum and 15 days later, Phillips 1993 Gibson et al. (2000) . This implies that either this SN was exceptionally luminous, or that the adopted RV is too large.
RV has been well determined in our Galaxy by comparing the colour of reddened and unreddened stars of identical spectral type. Apart from a small dispersion at the shorter wavelengths (Seaton 1979; Savage & Mathis 1979; Cardelli, Clayton & Mathis 1989 (hereafter CCM) ; O'Donnell 1994; Calzetti 2001) , there seems to be a remarkable homogeneity in the optical portion of the interstellar extinction curve along various Galactic directions, with a mean value of RV = 3.1. However, for a few directions values ranging from RV = ∼2 to ∼5.5 have been found (Fitzpatrick 2004; Geminale & Popowski 2005) . Moreover, we have relatively poor information about the extinction parameters in other galaxies (Chini & Wargau 1990; Jansen et al. 1994; Clayton 2004) . In fact, several SNe Ia studies have yielded statistical evidence for lower values of RV : 0.70 ± 0.33 (Capaccioli et al. 1990 ), 0.5 (Branch & Tammann 1992) , 2.5 ± 0.4 (Phillips et al. 1999 ), 1.8 (Krisciunas et al. 2000 ), 2.5 (Knop et al. 2003 Altavilla et al. 2004 ), 1.55 (Krisciunas et al. 2005 ), 1.1 and 3.1 (2 components) (Pozzo et al. 2006 ). Since RV is related to the characteristics of dust clouds along the line-of-sight, SNe Ia may prove to be a useful probe of the grain properties.
Reddening estimation -an anomalous extinction law
In order to obtain a precise extinction estimate, we examine more closely the relation between A λ and E(B−V). CCM provided analytic expressions for the average extinction law A λ /AV for the wavelength range 0.125µm ≤ λ ≤ 3.5µm. These are characterised by the parameter RV = AV / E(B−V). Their analytic formulae reproduce the Galactic mean extinction curve (Seaton 1979; Savage & Mathis 1979) with RV close to 3.1.
Photometric determination of the extinction
As indicated above, we have estimated the reddening of SN 2003cg using Phillips et al.'s (1999) prescription based on the Lira (1995) result for the late-time B−V colour. We obtain E(B−V) = 1.35 (see Table 8 ). However, in determining the SN 2003cg reddening we would like to make use of 
where a λ and b λ are wavelength-dependent coefficients, we can write the following expression:
The parameters of this equation were adjusted simultaneously to provide the values of E(B−V) and RV which gave the best (minimum residual) simultaneous matches to the normal SN Ia colour curves. (cf. Figure 4) . This was achieved with E(B−V) = 1.33 ± 0.28 and RV = 1.97 ± 0.29, clearly a smaller value than the canonical RV = 3.1. Figure 5 shows the average differences between the observed colours and those expected for RV = 3.1 and RV = 2.0 (≡ 1.97). This plot confirms our result that RV is small: indeed for RV = 2.0 the residuals are practically zero.
Spectroscopic determination of the extinction
An independent method for determining the extinction is via the equivalent width (EW) of the narrow interstellar Na iD doublet. This is believed to be related to the amount of dust between us and the source (Barbon et al. 1990 and Munari & Zwitter 1997) . Turatto, Benetti & Cappellaro (2003) studying a sample of SNe Ia, found that the points appear to cluster around two separate relations between EW (Na iD) and E(B−V): Averaged over the 25 spectra obtained for SN 2003cg, the Na iD doublet has an EW = 0.63 ± 0.07Å for the Milky Way and EW = 5.27 ± 0.50Å for NGC 3169. Using the relations (4) and (5) we find E(B−V)∼ 0.10 and E(B−V)∼ 0.32 for the Milky Way, and E(B−V)∼ 0.84 and E(B−V)∼ 2.69 for NGC 3169. The sum of the lower values (from relation 4) for the host galaxy and the Milky Way is 0.94 which is about 0.4 lower than those found in Section 3.2.1. However, since the ratio between the Na iD component lines is close to saturation (1.24), we regard this value of E(B−V)as being a lower limit only. We also considered using the EW of the K i (7699Å) absorption line to estimate the reddening (Munari & Zwitter 1997) . Unfortunately, the spectra covering this spectral region were of insufficient resolution to detect this much weaker line.
Another way of determining E(B−V) and RV is to use the optical SED (3400-9350Å) of SN 2003cg. We have developed a script which derives the free parameters of a CCM extinction law by comparison of the SED of SN 2003cg with those of unreddened SNe Ia, at various coeval epochs. The reference SNe were selected to have similar light curve shapes (∆m15(B)) and spectral features. Their spectra were corrected for redshift and Galactic reddening. The reference spectra were then scaled to the distance of SN 2003cg via: 
where A λ is the total extinction at any wavelength and f03cg is the observed flux of SN 2003cg. Finally, in order to compare with the CCM law (relation 2), we normalise the derived extinction curve to match the value of A λ at the V band effective wavelength.
As reference we have used the spectra of SN 1994D (∆m15(B) = 1.26 - and SN 1996X (∆m15(B) = 1.31 - Salvo et al. 2001) . We have compared seven pairs of 94D-03cg spectra at different epochs and five pairs of 96X-03cg spectra, obtaining the parameters AV and RV in each case. The average values of these parameters for each sets of pairs are given in Table 8 . Two examples of this comparison are shown in Figure 6 .
From the E(B−V) and RV values listed in Table 8 (but excluding the Na iD measurement) we obtained weighted average values of E(B−V)= 1.33 ± 0.11 and RV = 1.80 ± 0.20. Using these results we can estimate the NIR colour excesses using the basic relations between AV , E(B−V) and RV : E(V − J) = 1.92, E(V − H) = 2.08 and E(V − K) = 2.20. These values are approximately 10% smaller than those we obtained from the comparison of the colour curves reported on Table 11 (see also Section 3.2.1).
Up to this point we have investigated the extinction using methods which either did not involve the value of ∆m15(B) or where the reference SNe Ia were of similar light curve shape. If a wider diversity of SNe Ia were employed we would have to correct this parameter for the effects of reddening (see Section 4.1.1). Assuming ∆m15(B)intrinsic = 1.25, we checked the E(B−V) using the prescription given by Reindl et al. (2005) at maximum for a sample of 111 "Branch normal" SNe Ia and tentatively for five 1991T-like and +35 days for 59 normal SNe Ia. We obtained for the two epochs E(B−V) = 1.21 ± 0.20 and 1.25 ± 0.11 respectively, which are in excellent agreement with the estimates reported before.
This analysis confirms that the light emitted by SN 2003cg was heavily reddened. However, in order to match its intrinsic luminosity and colour evolution to those of other SNeIa with similar light curve shapes and spectral features, it was necessary to deredden the SN 2003cg data using a value of RV =1.80 ± 0.20. This is significantly less than the standard ISM value of 3.1.
Effects of a light echo?
Wang (2006) has suggested that the anomalous reddening seen towards a number of SNe Ia may be due to the effects of a dusty circumstellar cloud. In this "light-echo" (LE) scenario, not only is light scattered out of the beam, but also we see light that has been scattered into our line-of-sight. Thus, in addition to the scattering cross-section we also need to consider the (wavelength-dependent) albedo of the grains. Wang finds that a dust cloud of inner radius 10 16 cm would produce a significant reduction in RV . However, we suggest that there are a number of difficulties with this scenario. Firstly, the survival of grains at such a small distance from the supernova is rather unlikely. Adopting the bolometric luminosity of SN 2003cg derived below, and scaling from Dwek's (1983) analysis of SN 1979C we find that the inner radius of a dust cloud around SN 2003cg would exceed ∼ 2 × 10 17 cm. Dust at this large distance would have only a modest effect on RV (see Wang (2-6) Figure 4) . In addi-tion, a nearby, dusty CSM would be expected to produce other observable effects at later times. By 50-100 days, the fastest-moving ejecta would collide with the CSM producing characteristic spectral features as seen in the peculiar Type Ia SN 2002ic (Hamuy et al. 2003) . However, no signs of such an interaction are apparent. Moreover, even if some (larger) grains survived the peak luminosity, their high temperature would produce a strong near-IR excess, as was seen in SN SN 2002ic (Kotak et al. 2004 ). However, no normal SN Ia, including SN 2003cg, has shown such an effect. Other LE effects expected but not seen in SN 2003cg, include (a) a reduced (B − V ) color range (so, that after matching the colors at maximum, at later phases one would expect the observed color to be bluer than that of a LE-free object), (b) temporal variation in the reddening, (c) an anomalously small ∆m15, (d) a significantly brighter late phase tail and (e) broader spectral lines (Patat et al. 2005) . We conclude that any circumstellar dust, if present, has only a small effect on the extinction behaviour of SN 2003cg.
We conclude that the small value of RV for SN 2003cg is most likely due to a grain size distribution where the grains are generally smaller than in the local ISM (Geminale 2006) . A more detailed analysis of possible LE effects will be presented in a separate paper.
In the photometric and spectroscopic analysis of SN 2003cg that follows, we adopt E(B−V)= 1.33 ± 0.11 and RV = 1.80 ± 0.20.
PHOTOMETRY

Light curves
The light curve shape provides one of the main ways by which we acquire information about individual SNe. It is linked directly to the energy input and to the structure of the exploding star. However, it can also be influenced by intervening dust. In the following sections we discuss the early and late light curve phases of SN 2003cg.
Early phase
The optical photometry (Table 1, 6) & and near-IR photometry (Table 3) of SN 2003cg are plotted as light curves in Figure 7 . Note in particular the excellent sampling of the optical data from -7 to +85 days. Also shown as "R-band" data are the unfiltered pre-discovery and discovery points of Itagati & Arbour (2003) (see below). In view of the small redshift of SN 2003cg (z=0.004), we have not applied K-corrections to any of the magnitudes. The shapes of the light curves are typical of a normal Type Ia SN e.g. (a) the occurrence of secondary maxima longward of the V-band (b) the increased prominence of the secondary maxima in the NIR. Also typical is that maximum light occurred before tBmax in the U, I and NIR bands, and slightly after in the V and R bands (e.g. Contardo, Leibundgut & Vacca 2000) . In order to estimate the maximum light epochs and magnitudes for the different bands, we fitted low order polynomials to the light curves around their respective maxima. The results are given in Table 11 together with other parameters for SN 2003cg and its host galaxy.
An important light curve width/shape parameter is ∆m15(B). For SN 2003cg we obtain a direct measurement of ∆m15(B) = 1.12 ± 0.04. However, the intrinsic light curve shape may be altered by the combined effects of SED evolution and dust extinction. We corrected for this effect using the formula of Phillips et al. (1999) viz. correction = 0.1×E(B−V). For the E(B−V) derived in the previous section this gives a correction of 0.133 and hence an intrinsic value of ∆m15(B) = 1.25 ± 0.05. However, in view of the high reddening of SN 2003cg, we decided to check the ∆m15(B) correction using synthetic magnitudes obtained from its spectra. We computed ∆m15(B) for (a) the observed spectra and (b) the spectra corrected for Galactic and host galaxy reddening (see Sections 3 and 5). The difference between the two synthetic values is 0.128, very similar to that obtained from the Phillips et al. formula, thus indicating that their formula is valid even at high reddening.
Another useful means of characterising the light curve shape is the stretch factor s (Perlmutter et al. 1997; Goldhaber et al. 2001; Altavilla et al. 2004) . This is the factor by which an observed B-band light curve must be expanded or contracted to match a standard light curve shape. We find s = 0.97 ± 0.02 for SN 2003cg, in good agreement with that obtained via the relation ∆m15(B) = 1.98 × (s −1 − 1) + 1.13 (Altavilla et al. 2004 ).
In Figure 7 , for comparison we also plot the light curves of two other nearby Type Ia SNe having similar ∆m15(B): SN 1994D (∆m15(B) = 1.32, Phillips et al. 1999) Benetti et al. 2004) .
With respect to the other two SNe, SN 2003cg has a broader U-band peak. This can be due to the high reddening towards SN 2003cg which shifted the bandpass to redder effective wavelengths where the light curves are broader. The same effect is probably responsible for the pronounced shoulder in the V band light curve which correlates with the emergence of the secondary maxima in the light curves in the R, I and longer wavelength light curves. covered about 10 days before B maximum. Along with the discovery, Itagati & Arbour (2003) report two unfiltered optical images obtained at -18.1 and -9.1 days (see Table  1 ). We judge that the magnitudes from these images most closely approximate to those which would have been obtained in the R band (Pignata et al. 2004a ). Riess et al. (1999) suggest that the early (t0 < ∼ 10 days) luminosity is proportional to the square of the time since explosion and derived an estimate of the explosion epoch t0. Applying this relationship to the SN 2003cg R band light curve (including the two unfiltered points), we obtain t0(R) < ∼ 52709.5 ± 0.6 (MJD) i.e. a risetime of 20.4 ± 0.5 days. However, for the B band is tr(B) = 19.9 ± 0.5 days, significantly longer then that derived by (Riess et al. 1999 ) (17.71 days) for a SN Ia with a ∆m15(B) similar to that of SN 2003cg.
Nebular phase
The optical (BVRI) and NIR evolution of SN 2003cg was also monitored at late phases (to over one year postmaximum). The complete light curves, covering both early and late phases, are shown in Figure 8 , together with those of SNe 1992A (Suntzeff 1996; Altavilla et al. 2004 ), 1994D Altavilla et al. 2004 ) and 1996X (Salvo et al. 2001) . The evolution of the SN 2003cg optical fluxes is consistent with exponential declines in each band. The decline rates are given in Table 9 . The late time optical evolution of the four SNe Ia is broadly similar. The BVRI light curve declines are consistent within the errors with those estimated by Turatto et al. (1990) for SNe Ia. In the NIR, only two points quite close in time are available, and the errors are large. Consequently, little can be said about the NIR decline rate (Table 9 ).
Colour curves
We have already demonstrated that SN 2003cg is a heavily extinguished SN Ia. In Section 3 we discussed extensively the reddening of SN 2003cg and the use of the colour as an extinction indicator. In this section we discuss only the intrinsic colour evolution of the supernova.
In Figure 4 , (2002), and so, in our case, his discussion is not applicable.
The V − J, V − H and V − K colour curves of SN 2003cg are also shown in Figure 4 (top panels). Again, the behaviour of SN 2003cg is very similar to that of the comparison sample. In particular, the IR colour evolution of SN 2003cg matches well that of SN 2001bt (Krisciunas et al. 2004b ).
In a recent work introduced the colour parameter, ∆C12, the (B-V) colour measured 12 days after the B maximum. This parameter depends strongly on the decline rate ∆m15(B) and may provide a means of estimating the reddening due to the host galaxy. They also find a correlation between the peak luminosities of SNe Ia and ∆C12. For SN 2003cg, we measure ∆C12 = 0.39 ± 0.11.
In conclusion we emphasise that, given the reddening derived in Section 3, the intrinsic colour evolution of SN 2003cg is normal over a wide range of wavelengths.
Absolute magnitudes and the uvoir light curve
For a Virgo distance of 15.3 Mpc (Freedman et al. 2001 ) and a relative distance from Virgo of 1.18 Mpc for NGC 3169 (Kraan-Korteweg 1986), the host galaxy of SN 2003cg, we estimate a distance modulus of µ = 31.28. Using the values for E(B−V) and RV discussed in Section 3, we obtain M . In Table 10 we show the SN 2003cg M max B values derived using peak luminosity v. ∆m15(B) relations (Hamuy et al. 1996; Phillips et al. 1999; Altavilla et al. 2004; Reindl et al. 2005) scaled to H0 = 72 km s −1 M pc −1 (Freedman et al. 2001) . We also give M , SN 2002bo (Benetti et al. 2004 , Krisciunas et al. 2004b ) and JHK templates (Krisciunas et al. 2004a) , respectively, adjusted to the SN 2003cg distance and reddening (E(B−V)= 1.33 ± 0.11 and R V = 1.80 ± 0.20). In contrast with the optical region, the IR magnitudes at maximum (M (2000) and Krisciunas et al. (2004b) for two samples of Type Ia SNe.
The "bolometric" (uvoir) luminosity evolution of SN 2003cg is shown in Figure 10 . It was obtained using the computed distance modulus and reddening, integrating the fluxes in the UBVRIJHK bands (we used a combination of optical and IR spectra having similar epochs) and adding the correction of Suntzeff (1996) for the unknown ultraviolet contribution. The reddening-corrected bolometric luminosity at maximum is log10L = 43.01 ± 0.05 (erg s −1 ). Also shown in Figure 10 (Suntzeff 1996; Altavilla et al. 2004 ), SN 1994D Altavilla et al. 2004 ) and SN 1996X (Salvo et al. 2001 ) respectively. They have been adjusted to the SN 2003cg distance and reddening (E(B−V)= 1.33 ± 0.11 with R V = 1.80 ± 0.20). The lack of data from 3 to 7 months, and from 13 to 20 months is due to seasonal gaps.
SPECTROSCOPY
As can be seen in Figure 11 , a good set of optical spectra were acquired for SN 2003cg, spanning -8.5 to +52.5 days, plus a nebular spectrum taken 384.6 days after B maximum. We also obtained ten early-time NIR spectra (Figure 13 ) with NTT and UKIRT. This data set constitutes a remarkable sequence of spectra and allows a detailed IR spectroscopic study. Figure 11 shows the optical spectral evolution of SN 2003cg. It is similar to that of other 'normal' Type Ia SNe apart from the red gradient due to the high reddening. Evidence of high extinction towards SN 2003cg is apparent in all the spectra in the form of strong (EW = 5.27 ± 0.50Å) Na i D interstellar absorption at λ ∼ 5915Å. Some of the spectra like that at -7.6 day also show interstellar Ca ii H & K absorption at λ 3934 and 3968Å. Around maximum light the spectra show the P Cygni profile of Si ii at ∼ 4130Å. Also two prominent absorptions are present in SN 2003cg at ∼ 4300Å and at ∼ 4481Å. These are attributed to Fe ii and Mg ii respectively. Fe ii blend is again present around 5000Å. Between 5958 and 5979Å we find S iiand Si ii. The earliest Ca ii IR triplet spectra include a weak high velocity component. For the -8.5 day spectrum we find v ∼ 22000 km s −1 for this component. The high-velocity feature disappears after maximum light. Mazzali et al. (2005) carried out a detailed study of the high velocity feature in a number of SNe Ia including SN 2003cg.
Optical spectra
A single late-phase (nebular) spectrum was secured with the ESO VLT-UT2+FORS1 at +384.5 days. A spectrum at this late phase is particularly valuable since the ejecta are mostly transparent to optical/NIR light. Thus, via modelling it is possible to estimate directly the total mass of 56 Ni synthesised in the explosion. Mazzali et al. (in (1) ∆m 15 (B) intrinsic ; (2) according to the relation given in Table 3 of Hamuy et al. (1996) (peak luminosity); (3) according to the relation given in Table 1 (Figure 12 -bottom) .
Near-infrared spectra
Near-infrared (NIR) spectra are important because there is reduced line blending and lower line opacity. Consequently, line identification is less ambiguous and we may look more deeply into the ejecta. Thus, the line intensities and profiles provide a tool for analysing the ejecta composition and stratification. In Figure 13 we show the NIR spectral evolution of SN 2003cg. The spectral evolution is typical of SNe Ia. The earliest spectra are dominated by continuum emission but, as the photosphere recedes, the spectra are increasingly dominated by discrete, doppler-broadened features. In Figure 14 we compare three early-phase (-6d, +14d, +31d) NIR spectra of SN 2003cg with approximately coeval spectra of SNe 1994D (Meikle et al. 1996) , 1999ee (Hamuy et al. 2002 ), 2002bo (Benetti et al. 2004 ) and 2002er ).
In the pre-maximum spectra of SN 2003cg a weak P Cygni profile is visible at about 10500Å. This feature was first noted in pre-maximum spectra of SN 1994D by Meikle et al. (1996) . This was discussed by Meikle et al. (1996) ; Mazzali & Lucy (1998) ; Hamuy et al. (2002) ; Benetti et al. (2004) and attributed to He i 10830Å or Mg ii 10926Å. On the basis of their modelling, Meikle et al. (1996) and Mazzali & Lucy (1998) concluded that He i, Mg ii or a mixture of the two could be responsible for the feature. In contrast, according to the NIR spectral models of Wheeler et al. (1998) , the feature must be due almost entirely to Mg ii as there is not enough He in the model atmosphere to form a He line. However, simultaneous optical-IR spectral model fits to SN 1994D by Hatano et al. (1999) and examination of the -7 day spectrum of SN 2002cx by Nomoto et al. (2003) has led these authors to challenge the Mg ii identification. They find that the Mg ii interpretation also predicts non-existent features at other wavelengths. It is possible that the Mg ii explanation is only appropriate for faster decliners. Regardless of which identification we adopt, we find that the trough blueshift of SN 2003cg at -6.5 days is similar to that seen in SN 1994D at -8.5 days.
In the SN 2003cg and SN 1999ee spectra Fe iii 12550 A emission is visible (Figure 14) . In addition, a broad P Cygni-like feature is present at ∼ 16700Å. According to Wheeler et al. (1998) , this is due to Si ii. In the K-band, emission at 20500Å is visible in SN 2003cg. This was also seen in SN 2002bo, albeit more weakly, and was identified with Si iii (Benetti et al. 2004) .
By +1 to +2 weeks, the weak Mg ii/He i ∼10800Å absorption has disappeared and strong absorption/emission features have appeared. The prominent emission at 13000Å is attributed to Si ii, while the strong features around 15500-17500Å are produced by iron group elements such as Co ii, Fe ii and Ni ii (Wheeler et al. 1998 ). In the K band Si ii and Fe-group lines have appeared (Wheeler et al. 1998) . This indicates that, by this epoch, the NIR photosphere has already receded through the intermediate mass element zones and has penetrated quite deeply into the Fe-group region. In this respect, SN 2003cg is more similar to SN 2002bo than to SN 2002er whose spectrum was more characterised by lighter elements during this era. Like SN 1999ee, SN 2003cg presents spectral features due to Mg, Ca and the Fe-group elements around 12000Å but at a lower strength.
By one month post-maximum light the three broad emission peaks in the range 21350-22490Å, produced by Co, Ni and Si, have become more prominent. This is similar to the behaviour seen in other SNe Ia over this spectral range and phase. Figure 15 shows combined coeval optical and IR spectra of SN 2003cg, allowing a more complete view of the SED evolution. We find that, at -6.5 days the NIR flux (integrated between 10000 and 25000Å) contribution was about 8% of ), 2002bo (Benetti et al. 2004 ) and 1996X (Salvo et al. 2001 at maximum light (top) and at late-phase (bottom). The spectra have been displaced vertically for clarity (the zero-flux levels are indicated by the dotted lines). All the spectra have been corrected for redshift and reddening (see text).
the total flux, rising to about 14% at +23.8 days. For the same interval, Suntzeff (1996 Suntzeff ( , 2003 estimated the contribution of IR in SNe Ia to be approximately 15% of the total flux.
Velocity Gradient
As can be seen in Figure 11 , SN 2003cg exhibits a deep and symmetric Si ii trough at 6355Å, visible approximately from -8 to +28 days, and shifting rapidly redwards with time. In Figure 16 In Figure 17 we show the velocity evolution of the S ii 5640Å trough blueshift, compared with those of three other normal SNe Ia. This feature tends to disappear more quickly than does Si ii, and is generally difficult to discern beyond +10 days. SNe Ia show two types of behaviour here, exhibiting either a steep velocity gradient (e.g. SN 2002bo) or a shallow gradient (e.g. SNe 1994D, 2003du) . It may be seen that SN 2003cg falls into the latter category.
R(Si ii), the ratio of the depths of the Si ii 5972Å and 6355Å absorptions, was introduced by Nugent et al. (1995) as a potential distance-independent parameter which is pansion velocities than the FAINT SNe) and LVG ('normal' and SN 1991T-like SNe Ia with small velocity gradients). (Meikle et al. 1996 ), 1999ee (Hamuy et al. 2002 ), 2002bo (Benetti et al. 2004 ) and 2002er before maximum (top), two weeks after maximum (middle) and one month after maximum (bottom). The spectra have been displaced vertically for clarity. All spectra have been corrected for reddening (see text) and parent galaxy redshift.
related to the luminosity. The parameter was investigated further by . For SN 2003cg, R(Si ii)max = 0.30 ± 0.05. In Figure 18 it may be seen that the pre-maximum evolution of R(Si ii) for SN 2003cg is similar to that of other LVG SNe Ia i.e. little or no pre-maximum evolution occurs.
We repeated the cluster analysis including SN 2003cg. We found that this SN does indeed belongs to the LVG cluster (see Figure 19 ). In the five-parameter space (∆m15(B), M max B ,v, v10(Si ii) and R(Si ii)max), the nearest SNe to SN 2003cg are SN 1994D and SN 1996X. This supports our choice of these SNe for comparison purposes in this work.
Spectral modelling
We have compared the observed spectra of SN 2003cg with synthetic spectra derived using the Lucy-Mazzali Monte Carlo code, which has been used successfully to model spectra of SNe Ia in the photospheric phase (e.g. Mazzali & Lucy 1993) . The code (Mazzali & Lucy 1993; Lucy 1999; Mazzali 2000) assumes that the SN ejecta can be separated by a sharp photosphere into an optically thick region below which all the light is emitted and an optically thin region where line formation occurs. The code's input parameters are the SN luminosity, a photospheric velocity (which is equivalent to radius since v = r/t, a density structure and a set of abundances. The density structure used here is that of the W7 model (Nomoto, Thielemann & Tokoi 1984) . The flux at the photosphere is assumed to be emitted with a blackbody spectrum. The code follows the propagation of photons in the ejecta and their interaction with lines (including the process of branching) and electron scattering. Excitation and ionisation are computed using a nebular approximation, which gives a good description of the conditions in a SN Ia near maximum (Pauldrach et al. 1996) . The emerging spectrum is computed using a formal integral. 5.4.1 Days -7.6/-6.5
Here we model the day −7.6 spectrum optical spectrum and day −6.5 NIR spectrum, which were among the earliest obtained. In the model, the SN ejecta above the photosphere is divided into three spherically symmetric shells above 11200, 11600, and 15500 km s −1 , respectively. All shells are dominated by O (48% to 64% by mass). The outermost shell contains 5% C to account for the C ii line (see below). A rather high amount of Si (18% to 25% in the inner shell) is necessary to reproduce the deep Si ii features in the spectrum. Also of interest is the high Fe group abundance at this early stage. We find 5% Ni in all shells. The stable Fe abundance, i.e. Fe that is not produced in the Ni decay chain, is between 1.5% near the photosphere, and 0.5% in the outermost shell. Finally, Ti and Cr of ≈ 0.5% are needed in order to shift the flux from the UV to optical wavelengths. The best fit was achieved using log10L = 42.88 (erg s −1 ), a photospheric velocity v ph = 10, 300 km s −1 , and epoch after explosion texp = 12.3 d (i.e. a rise time of 19.9 days, cf. Section 4.1.1). The observed spectrum, dereddened according to the prescription derived above (Section 3), and the synthetic spectrum are compared in Figure 20 (top) , where the main features are also identified.
The model reproduces the overall shape and the individual line profiles reasonably well, but it has difficulties matching the very blue B − V colour obtained through the dereddening procedure adopted. In particular, in order to obtain a blue continuum we have to adopt a rather low value for the photospheric velocity. This leads to near-photospheric temperatures that are too high, and results in the presence of lines in the synthetic spectrum that are not present in the observed one. In particular this affects Si iii lines.
Starting at the blue end of the spectrum, the strong Ca ii H&K near 3800Å can be seen. The narrow feature at ≈ 4000Å is identified as Si ii 4130Å. The peak near 4000Å is suppressed in the model due to S iii absorptions. This indicates that the temperature near the photosphere is too high. The excessive strength of two other Si iii lines, 4565Å, which is seen in the model near 4400Å, and 5740Å, seen near 5500Å, substantiates this assumption. The absorption at 4250Å is a combination of Mg ii 4481Å, Fe iii 4420Å, and Si iii 4339Å. The feature slightly blueward of 5000Å is caused by Si ii 5056Å and Fe iii 5128, 5156Å. In this case the presence of strong Fe iii lines is supported by the accuracy with which the observed profile is matched. Near 5300Å, we recognize the typical S ii W-feature, followed by the two Si ii (Salvo et al. 2001 ) and SN 1994D . Also shown are the evolution of the HVG SN 2002bo (Benetti et al. 2004 ) and the FAINT SN 1986G (Cristiani et al. 1992 . lines are somewhat deeper in the model. An absorption in the synthetic spectrum near 9000Å is attributed to a blend of Mg ii 9218Å, Si iii 9324Å, and Si ii 9413Å.
In Figure 20 (bottom) we compare the day −6.5 NIR spectrum with the model spectrum described above, extended to the NIR. Owing to the black body lower boundary adopted in the model, the predicted IR continuum exceeds that observed. We attribute this to a drop in opacity which appears redward of ∼7000Å and is not reproduced in the model (see Figure 20 -top). Therefore, to match the observed spectrum, the model continuum was multiplied by a factor 0.5. However, apart from the discrepancy in the overall flux level, the shape of the IR continuum and other features are well reproduced by the model at this epoch. Only a few, relatively weak lines are present in the NIR spectrum, primarily due to Si ii and Mg ii. The feature at 1.05µ is well reproduced by Mg ii 10914, 10951Å. As well discuss Hatano et al. (1999) in their work (see also Section 5.2), the identification of Mg ii at this wavelength implies the presence of other Mg ii features in other parts of the optical/NIR spectrum, some of which have been identified above. In spite of this and due the lower stretch of this lines in the observed spectra, we can not exclude the presence of He 10830Å.
Day -0.6
We have also modelled the SN 2003cg optical spectrum near maximum light. The dereddened day −0.6 spectrum was compared to a synthetic spectrum computed using the following parameters: texp = 19.3 d, log10L = 43.11 (erg s −1 ) and v ph = 6000 km s −1 . The observed spectrum, dereddened as above, and the synthetic spectrum are compared in Figure 21 , where the main features are also identified.
As for the pre-maximum spectrum, we are forced to use a very low velocity for this epoch because the dereddened spectrum is unusually blue. Our synthetic spectrum has B − V ∼ 0.0, but the dereddened spectrum has B − V ∼ −0.2. Therefore, on the one hand our model colour is too red, and on the other our model line features are somewhat too hot compared to the observed ones.
The features present in the spectrum are generally similar to those deduced in the -7.6 day spectrum. In the blue region Ca ii H&K is strong. Si ii 4130Å is present in the data but not reproduced in the model. The line near 4300Å is now dominated by Fe iii 4419, 4431Å, and Co iii 4433Å, while Mg ii 4481Å makes only a minor contribution. Moving redwards, we again identify Si iii 4560Å. This line is strong both in the observed spectrum and in the synthetic one. However, other lines of Si iii, notably 5740Å, which is strong in the model near 5500Å, but are absent in the data, indicate that the model temperature is too high. The feature near 5000Å is dominated by Fe iii 5127, 5156Å, with contributions from Si ii 5056Å and Fe ii 5169Å. The observed profile of this feature however suggests that Fe ii lines also make an important contribution. The S ii W-feature is affected by the presence of Si iii 5740Å. The prominent Si ii 6350Å line is well reproduced with an increased Si abundance (reaching ∼ 40% near the photosphere. The Si ii 5960Å is however not reproduced at all, again indicating that the adopted velocity and luminosity lead to a temperature that is too high. By this epoch, the C ii line on top of the Si ii 6350Å emission has vanished. This is because the density in the outermost layers, where carbon is found, is now too low for the line to form. Further to the red we identify strong O i 7774Å, and the Ca ii IR triplet. Finally, we identify another strong absorption at 9000Å due mostly to Si iii 9324Å.
SUMMARY
SN 2003cg is a heavily reddened but otherwise normal Type Ia supernova. We have presented the results of an intensive optical/NIR monitoring programme by the ESC using a wide range of telescopes and instruments. Photometry and spectroscopy were acquired spanning day -8 to +414 after B maximum light (plus upper limits on day +624). We have corrected all our photometric measurements for the deviation of each instrumental photometric setup from the Bessell (optical) and Persson (IR) standard systems. This was done using the S-correction method, and was applied up to the latest observed phases.
Besides the atypically red observed colours, evidence for high extinction towards SN 2003cg include (a) its coincidence with a dust lane of NGC 3169, (b) the very strong Na iD interstellar doublet and (c) the presence of a diffuse interstellar band (DIB). However, dereddening using a standard extinction law to match a typical SN Ia B − V colour yields a peak absolute magnitude at maximum which is abnormally bright. We therefore allowed RV to become a free parameter within the CCM extinction law and adjusted RV and E(B − V ) to provide simultaneous matches to a range of colour curves of normal SNe Ia. From this, we obtained E(B−V) = 1.33 ± 0.11 and RV = 1.80 ± 0.20. While the value obtained for RV is small, such values have been invoked in the past. It implies that the grain size is small compared with the average value for the local ISM. As an alternative explanation, the light echo (LE) hypothesis , has severe difficulties. It seems unlikely that dust as close as R0 ≤10
16 cm could survive the supernova peak luminosity. If a significant proportion did survive it would produce a strong NIR excess, but this is not seen. Other LE effects expected but not seen in SN 2003cg, include (a) a reduced (B − V ) color range, (b) temporal variation in the reddening, (c) an anomalously small ∆m15, (d) a significantly brighter late phase tail and (e) broader spectral lines (more details in Patat et al. 2005) .
The shape of the UBVRIJHK light curves of SN 2003cg are generally typical of a normal Type Ia SN. The U and V light curves show a broader peak and a pronounced shoulder in the post-maximum decay, respectively. Again we believe that this is due to the high reddening, causing the effective λ of these bandpasses to shift to redder wavelengths. We obtain a reddening-corrected ∆m15(B) obs = 1.25 ± 0.05 for SN 2003cg, which is typical for normal SNe Ia. The intrinsic peak bolometric luminosity is log10L = 43.01 ± 0.05 (erg s −1 ).
The spectral evolution of SN 2003cg is also similar to that of other normal Type Ia SN. This includes the spectral features, their ratios and their evolution. The earliest spectra exhibit a weak, but clearly visible, high velocity component of Ca ii IR. The late phase spectra show emission features of [Fe ii], [Fe iii] and [Co ii] plus an unusual blend of lines between 7100 and 7350Å. From the velocity evolution of Si ii at 6355Å and S ii at 5640Å, we classify SN 2003cg as an LVG SN. The same conclusion is indicated by the R(SiII) evolution. SN 2003cg, the fourth target followed by the ESC, has provided an important addition to the database of well-monitored nearby Type Ia. In addition, further study of the heavy reddening towards SN 2003cg will help us to establish the diversity in the characteristics of dust responsible for astrophysical extinction. 
